ABSTRACT This study describes a pilot clinical validation of a new low-cost system for the continuous monitoring of the human body's cardiorespiratory activities within the magnetic resonance examination area. This study primarily focuses on monitoring cardiac activity and the related cardiac triggering. The patented system tested by the authors is based on seismocardiography (SCG). The study was conducted on 18 subjects on a Siemens Prisma 3T MR scanner. Standard anatomical and diffusion sequences were used to test cardiac activity monitoring. A wide range of commonly used diagnostic sequences were used to test imaging of the heart by means of cardiac triggering. System functionality was verified against a commercially available electrocardiography (ECG) system. Monitoring of cardiac activity (detection of the R-R interval in ECG and the AO-AO interval in SCG) was objectively evaluated by determining the overall probability of correct detection (ACC), sensitivity (SE), positive predictive value (PPV), and harmonic mean between SE and PPV, i.e. F1. Imaging quality control using Cardiac Triggering was performed by subjective evaluation of images by the physicians. The study conducted clearly confirmed the functionality of the system in terms of continuous cardiac activity monitoring. In all 18 subjects, a mean PPV > 99 % was achieved; F1 > 99 %; SE > 99 %; ACC > 98 %; 1.96σ < 3.5 bpm. Also, Cardiac Triggering functionality was confirmed by the physicians on the basis of analyzing cardiac images using the T1/T2 balanced echo sequences and the T1 flash sequence measured natively.
FIGURE 1.
Typical arrangement of ECG electrodes in an MRI environment; a) arrangement advantageous for ultra-high magnetic fields and b) arrangement at field strengths of 1.5 T.
robust detection of scarring or inflammatory myocardial infiltration may allow treatment procedures to be adapted to prevent or delay disease progression. Another application of CMRI is to monitor left ventricle function and dysfunction both in diagnosing local disorders and in diagnosing global hypofunction, which is an important indicator of many heart diseases such as coronary artery disease, myocardial infiltration with inflammatory cells or metabolic products, various types of cardiomyopathy, changes during diabetes or hypertension [4] , [5] .
The synchronization by the methods of triggering and gating is used in the practice for the insuring of the satisfactory quality of the heart's image. These techniques are essential for the improvement of the image's temporal and spatial resolution. The synchronization is based on the cardiac and respiratory activity monitoring, according to which the CMRI acquisition is triggered. The goal is to minimize the negative effect of the heart and thorax motion on the resulting scan. One of the examples of those artefacts in the image are so-called ghosts manifesting as the shadows in the MRI image [6] . The triggering principle is based on the detection of the most significant change in the electrical signal (e.g. the R wave in ECG signal) as a reflection of the initiation of ventricular depolarization and contraction (ventricular systole). The R wave is referred to as the beginning of the ECG signal period. For the successful peak detection and consecutive synchronization, the task of ECG measurement for the purpose of MRI triggering is to obtain the most distinct R wave and a negative or straight T wave, which can be achieved by changing the electrode arrangement, see Fig. 1 [7] - [10] .
The ECG measuring is a means of quick recording of the cardiac function from which every phase of the cardiac cycle applicable to MRI triggering can be read. However, when measured in an MRI device and its magnetic field, many problems exist, such as artifacts arising from inhomogeneity of the magnetic field caused by the patients themselves or foreign materials [11] .
For the best possible prevention of artifacts, the skin needs to be well prepared at the locations of the ECG electrodes in order to ensure an optimal electrode-to-skin-contact and minimal skin impedance which helps with the proper triggering during CMRI examinations [12] , [13] . Hair must be shaved immediately prior to the examination and the skin surface must be scrubbed with mild abrasive soap or gel before the electrodes are applied, thus making the examination relatively complicated and uncomfortable for the patient [6] .
Because of the interaction of the ECG system with radiofrequency and gradient systems, some security steps are important for the ECG sensing -ECG, as a measurement with the electrically active components, brings a risk of surface heating of the patient's skin, or even burns resulting from high voltage induction in ECG hardware [14] , [15] . For the prevention of the occurrence of the currents in ECG leads due to the fast switching of the gradient fields, the location of the leads is designed that loops in the cables are not present and the wires are as short as possible [6] . The wires are placed out of resonators for the reducing of the possibility of burns due to interaction with the RF field [11] .
Another important complication in ECG synchronization is so-called magnetohydrodynamic effect caused by the MR scanner's magnetic field, which brings the distortion of the ST segment of ECG signal. The ECG triggering is not suitable for the use in the ultra-high magnetic fields, when the effect of this artifact is increasing -at an intensity higher than 3T, the recording is significantly distorted in both the spatial and temporal domains to the extent that the R wave is not unambiguously determined because the magnitude of the T wave equals or exceeds the R wave maxima, see Fig. 2 [16] - [18] . The amplitude of T wave can exceed the R wave for 20 % of its amplitude, i.e. the amplitude increases on 315 % of the original T wave magnitude, even with using of the 1.5 T field intensity [19] . These effects on T and R waves can result in magnetic scanner startup problems (prolonging the scan time leading to the economic loss) because R wave is detected incorrectly, especially at higher magnetic fields (3T and 7T), see [20] , [21] .
In this study, pilot clinical verification of a new type of a seismocardiography based measurement system (SCG) patented by the authors is presented. This system addresses a number of the above-mentioned problems of a conventionally used ECG-based system. Based on the physicians' experience, ECG-based systems can be considered as the most accurate and reliable system used for triggering in clinical practice. For this reason, the results of this study are verified using the commercial ECG BRAINVISION -BrainAmp ExG system by BRAIN Product [22] - [24] . Thus, this study primarily focuses on measuring cardiac activity.
The original benefit of this article is clinical verification of functionality of a new cardiac monitoring system, which is necessary for cardiac triggering. The study was conducted on 18 subjects at a Siemens Prisma 3T MR Scanner [25] , [26] within a multimodal and functional imaging laboratory (CEITEC [27] Research Centre on Life Sciences, Advanced Materials and Technologies), see [28] .
The measurements were conducted on a sample of 18 healthy persons (volunteers) upon their written consent. The age group of the volunteers was from 21 to 53 years and their weight was from 49 to 109 kg. The group of volunteers consisted of 10 men and 4 women. Table 1 presents the baseline characteristics of the study volunteers.
To test the cardiac activity monitoring, we used following types of sequences:
• Standard anatomical sequences -T1 mprage, -T2_spc_T2_spc _FLAIR,
• fmri (epi_bold) and diffusion sequences, • Additional research pulse sequences: -mp2rage, -diffusion and functional imaging sequences using parallel layer excitation, i.e. simultaneous multislice (SMS) sequences. A wide range of standard diagnostic sequences were used to test cardiac imaging using triggering with various settings of planes, phase encoding directions, Cartesian and radial k-space acquisition:
• Siemens single breath hold methods:
-True FISP (Free Induction Decay Steady-State Precession), -True FISP -real time; -tirm_t2 (Turbo inversion recovery magnitude); -SPAIR (SPectral Attenuated Inversion Recovery); -PSIR (Phase sensitive Inversion recovery) -T2_haste (Half Fourier Single-shot turbo spin echo. Individual parameters of used sequences are shown in Table 2 . While the cardiac MRI was acquired using standard pulse sequence and typical parameters used in clinical practice, both standard (mprage, FLAIR etc.) and state of the art (multiband fMRI and DWI) pulse sequences were acquired with physiological data recordings for retrospective MRI data correction.
II. SYNCHRONIZATION OF CARDIAC AND RESPIRATORY ACTIVITY IN CMR
CMRI triggering and gating are the techniques necessary to provide high temporal and spatial resolution of the heart's image, which is constantly in motion, in real time [8] , [29] , [30] . Synchronization with a cardiac or respiratory cycle is performed. Besides the most prevalent technique for cardiac activity monitoring based on ECG [13] , [31] , other techniques are used in the clinical practice -such as vectorcardiograph (VCG) [32] , [33] or a peripheral pulse (PPG, photoplethysmography) [34] , [35] . In most cases, CMRI examination is used to trigger the MRI sequence during the relatively resting heart phase, which is the terminal phase of the diastole or the systole.
Synchronization respiratory activity is also used to ensure optimal heart image quality. At present, the most widespread method of reducing the artefacts caused by breathing is called breath hold method. However, when using this method, the scanning time decreases according to patient's ability to hold the breath, usually to about 20 seconds. One MR acquisition is acquired throughout a single breath hold, during this time, several heart cycles take place [5] . Nevertheless, in some patients with certain respirational diseases, this method cannot be applied. In these cases, real-time respiratory activity monitoring can be used for the synchronisation. The most commonly used probe for MRI respiratory triggering is the pneumatic respiration transducer located on the patient's chest [36] .
Gating can be divided into two basic principles -prospective and retrospective. In the prospective gating or triggering, the MRI sequence is triggered only after the desired physiological phenomenon is detected (R wave of ECG, pulse wave peak, AO wave of SCG etc.). In the retrospective approach, the MR data is recorded continuously and grouped, after recording, according to the phases of the cardiac cycle [12] , [13] .
A. PROSPECTIVE TRIGGERING
In prospective triggering, the MRI acquisition is triggered by the R wave with a certain delay. Thus, the acquisition is consistent with the most mechanically resting phase of the cardiac cycle -the diastasis, which corresponds to the mean diastolic phase of the ECG signal. Prospective functional imaging depends on partial k-spatial acquisitions for a series of images that cover most of the cardiac cycle; the k-space is eventually filled by averaging the signals from the same cardiac phase during several heartbeats. This functional file starts with the R wave [29] , [31] , [37] .
The interval is often set so that the detector deliberately ignores any high amplitudes to prevent false triggering by an ECG signal in any other way than by the R wave. However, this capability is problematic when sensing patients suffering from arrhythmia with ventricular extrasystole presence. In patients with premature heartbeats, the earlier R wave is omitted because the gradient impulses triggered by the previous R wave are still running. This process extends the acquisition, thereby extending the time necessary for holding the breath. Therefore, prospective gating is defenceless against R-R interval fluctuations not only throughout the examination, but also within one breath hold. When planning the acquisition window positioning for prospectively triggered examination, this cardiac variability must be considered. So as to capture another R wave, the acquisition window position should not be too close to the next R wave. The acquisition window, which is placed too close, can interfere with the next R wave and the corresponding R-R interval is then shorter. Knowing the patient's cardiac variability during the breath held is crucial; depending on the patient's physical condition, significant changes may occur. Therefore, a breath hold test is often required before the acquisition itself, when the appropriate cycle length is measured. During the examination, the operator must monitor changes in the cardiac cycle and appropriately adjust the prospectively triggered images [13] .
B. RETROSPECTIVE SYNCHRONIZATION
Retrospective triggering allows continuous acquisition of MR data. Both the image and the ECG signal are scanned during several systoles and used to reconstruct the image by an appropriate grouping of the cardiac phase information. This procedure requires dynamic pulse sequences and an acquisition software decision. Retrospective gating uses complex methods for filtering interference. The main advantage of retrospective acquisition is the ability to collect data from all cardiac phases. The retrospective method, like prospective triggering, may have problems with arrhythmias and low R wave amplitudes. With heart rate variability or arrhythmia events, the systole and diastole periods are unevenly altered, and the retrospective software is unable compensate them with appropriate data segmentation into which errors are entered by improper triggering [13] , [38] - [40] .
C. ARTIFACTS
Artifacts during CMRI measurements may originate in both the patient and the measurement system. The blood flow in the heart can induce tension and create hydrodynamic artifacts. Since blood is an electrically conductive liquid whose movement produces an electric current added to the heart signal, a magnetohydrodynamic effect is produced. The electrical signal thus generated usually affects the T wave. If a T wave occurs at the time of rapid blood flow from the heart, the T wave is distorted. When synchronizing using VCG, which measures the spatial orientation of electrical activity in three dimensions, this effect can be suppressed because the cardiac electrical activity and the voltage generated by the magnetohydrodynamic effect arise in different planes and can thus be differentiated [9] , [13] .
Other problems such as abnormal heart conduction or unrelated physiological processes (e.g., muscle tremors) are additive to the above-mentioned noise. Optimal image quality requires an electrode placement that maximizes the R-wave peak while minimizing these basic artifacts. This can be achieved by placing the right hand and left foot leads in the central line of the chest. Extreme changes such as high amplitude system noise or small electrical currents caused by VOLUME 7, 2019 a change in the magnetic field gradient are very worrying, but, due to the large difference in the frequency at which this noise and the sensed heart rate signal are found, high frequencies can be suppressed by filtering [13] , [32] .
Some scanners have the option of rejecting measurements at the time of anomalous rhythm and an acceptance window that allows R-R variability must be specified. This usually increases the acquisition time and a decision on a shorter scan time or better image quality must be made and the number of segments must be increased to reduce the acquisition time. Extreme deviations of the R-R interval should be overcome by prospective triggering instead of retrospective. Usually, a shorter R-R interval should be used for the acquisition window triggering. Its length must be slightly shorter than the shortest R-R interval measured in the ECG signal. The resulting CMR will represent an incomplete cardiac cycle, but it will be possible to calculate the ejection fraction.
To reduce distortion caused by the influence of the magnetic field, the electrodes and the associated connectors and cables should be made of non-ferromagnetic material. Continuous recording of the ECG signal and the triggering events is essential for early detection of problems. Interference may falsely trigger the scanner, thereby losing synchronization with the heart [13] .
D. SENSING AT HIGH MR FIELD INTENSITY
In clinical practice, the use of magnet field intensity of 1.5 T or 3 T is currently widespread. MRI sensing at field intensity of 7 T promises to increase the signal-to-noise ratio (SNR) or noise suppression, to increase the contrast between the myocardium and the blood, to reduce the artifacts in the image, which leads to better temporal and spatial resolution. Therefore, monitoring of cardiac cycles is simpler and postprocessing processes that are still time consuming are accelerated [41] . In comparison with sensing at 1.5, the contrast does not only increase in the short-time image of the heart perpendicular to the blood flow, but also in the long-term imaging of the heart, evenly with the blood flow. Hence, fine anatomical structures such as pericardium, mitral and tricuspid valves and associated papillary muscles are well identifiable. Due to the increase in SNR, it is possible to reduce the volume effects that may be useful for visualizing small, fast-moving structures [4] , [42] .
Reducing the noise level has a great advantage in MR angiography, where tiny vessels, such as coronary arteries, are better visible at an intensity of 7 T than at 1.5 T. In this context, time-resolved 3D flow display along with trace particle mapping is another interesting and rapidly developing area of high-intensity CMR. This approach promises new insights into the temporal and spatial evolution of blood flow in large vessels and in ventricles. The benefit of this enhancement would include improving morphological and functional evaluation of the normal or pathological cardiovascular system. In addition, the benefits of SNR in the area of capturing images at a high field intensity enhance the possibility of extending the current 4D phase contrast technique to whole heart acquisitions. The use of high field intensities can also be used in quantitative CMRI examinations for parametric mapping that allows non-invasive tissue assessment. For example, mapping at 7 T may simplify this operation by easier distinguishing of healthy tissues from myocardial regions with reduced perfusion [4] .
III. CMRI TRIGGERING METHODS
In stronger magnetic fields, the ECG is significantly distorted by the artifacts. The VCG method is more resistant to these negative effects, however, even this method is inaccurate when ultra-high intensities of MR fields are used. When using intensities higher than 3 T, there is a problem with the increasing influence of the magnetohydrodynamic effect on the signal, making it more difficult to obtain a clear signal of sufficient quality for performing flawless triggering. While PPG measurements do not produce significant movement artifacts, the major disadvantage of PPG measurement is the delay between the cardiac activity and the output signal caused by the time needed for the blood pulse wave to spread from the heart to the sensing location, which is usually found on the peripheral parts of the body (most commonly the finger). This delay can be of several hundred milliseconds and depends on the patient's (patho)physiology [43] .
As ultra-strong MRI fields become more widespread, the emphasis is being placed on addressing the rising ECG sensitivity to electromagnetic field interference and the magnetohydrodynamic effect, i.e. the need for better synchronization techniques is increasing [18] , [43] . This leads to the development of the new methods of CMRI triggering, such as acoustic triggering, ultrasound triggering, or systems triggering directly from MR data, have begun to develop [18] , [30] , [44] .
A. THE ACOUSTIC METHOD
Due to these pitfalls of ECG measurement during MRI acquisition, a stethoscope [18] , [45] - [48] that senses a phonocardiographic (PCG) signal from which the first heart sound is determined as a triggering pulse has been designed. Unlike conventional ECG, heart sound sensing has several advantages -for example, it is easier to prepare the patient (the location of applying the sensor does not have to be shaved, the skin is not prepared by any chemical means, the sensor can be placed also over the clothes), the number of cables and sensors that need to be applied to the patient is reduced, or the induction of high voltages that may injure the patient is prevented [18] , [49] . The ability of the PCG signal of both prospective and retrospective triggering, and, later, its effectiveness in clinical practice for ultra-high magnetic fields [43] , [49] , [50] , has already been demonstrated on a field size of up to 3 T [18] , [51] .
The MRI acoustic control device consists of a sensor for sensing the PCG signal mounted on the patient's chest, wherein the signal conduction is provided by an acoustic waveguide [43] or optical fibre (in the case of conversion from acoustic to optical signal) [49] , where no PCG device interacts with a static magnetic, gradient, or radio frequency field. For optimal triggering, the following prerequisites should be met: 1. maximum latency of 35 ms between the R waves and the PCG triggering pulses, 2. signal without electromagnetic field interference, 3. resistance to the magnetohydrodynamic effect. The problem of acoustic signal measurement may be acoustic noise caused by gradient coil switching, which can be suppressed by measurement with another sensor and the subsequent signal processing [43] . It has been proved that, when triggered by the PCG signal, there are no motion artifacts or other visible disturbances or the hydrodynamic effect in all MR field measurements (in the range of 0.3 -7 T). On the other hand, a significant increase in the T wave amplitude and other signal distortion are observed from the course of the VCG curve, where R wave detection demands considerable accuracy. Poor registration of the R wave then causes a reduction in myocardial/blood contrast and image sharpness [18] , [43] , [50] . It has been proved that motion artifacts occur only during ECG signal triggering when MR images are blurred due to erroneous R wave detection. The ECG heart rate error rate (especially at high amplitude or rapid signal rise locations, such as the initial oscillation forming the R wave) reaches up to 30 % [43] , while, for PCG triggering, an error of less than 1 % is achieved at a field strength of 7 T [50] . A delay of about 30 ms between the detected R wave and the first sound that occurs during PCG measurement has no effect on CMR imaging using retrospective triggering, [18] .
B. SELF GATING METHODS
To eliminate the need for extra hardware for CMRI synchronization, so-called self-gating techniques [29] , [36] , [52] are used. These techniques use motion information for triggering directly from MR signals, but at the expense of significant prolongation of the scanning time. The principle of the CMRI self-gating method consists in changes or movement of the volume in the image, where a series of consecutive echoes exhibit peak changes corresponding to proportional changes in the total transverse magnetization due to organ movement. This data is then processed and segmented to generate a signal replacing ECG, according to which the image is then reconstructed at each cardiac cycle. Most of these methods have already been successfully used for retrospective CMR triggering, which is not as sensitive to heart rate changes (as in prospective triggering) and provides image throughout the cardiac cycle, which is particularly important for the determination of diseased systolic or diastolic processes [29] . However, these techniques lag behind in the case of very high heart rate and some heart diseases, where myocardial contraction and relaxation are very mild throughout the cardiac cycle. Also, they are unsuitable for use in prospective triggering, which requires precise determination of the start-up delay, so that an acquisition window could be placed in the target phase of the cardiac cycle [18] , [29] , [39] .
C. THE ULTRASOUND METHOD
An interesting alternative to standard ECG triggering is the use of an ultrasonic probe in Doppler mode. Ultrasonic recording allows RR intervals to be measured similarly as ECG, and, as for image quality, the method equals ECG and PPG. So far, this method of triggering has been verified on CMRI at an intensity of up to 3 T [8] , [30] , [53] , [54] , but it also promises usability at higher field intensities, due to the low susceptibility of the ultrasound signal to being influenced by the magnetic field, unlike the ECG signal, which is very often significantly distorted by the magnetohydrodynamic effect [55] , [56] .
D. THE OPTICAL METHOD
Some studies investigate the possibility of sensing cardiac activity by optical fibre, but only when used in rodents [46] . The sensor is orally introduced into the rat's oesophagus [46] or is placed on the chest to sense movement [57] . The advantage is the resistance of the optical fibre to the interference caused by the magnetic field; there are no movement artifacts in the image [58] - [61] .
IV. DESCRIPTION OF THE MEASURING AND TRIGGERING SYSTEM HW AND SW
The SCG is a method for studying the mechanical vibrations which are produced by cardiovascular activity. Common sensors used for SCG monitoring are accelerometers. They can measure acceleration in three axis and give complete information about the heart movement.
The SCG, as monitoring technique, is receiving increasing attention. In special cases, such as monitoring CA during MRI, the accelerometer cannot be standardly used. The measured signal would be influenced by changing magnetic field and inducted currents.
In this paper, we proposed a SCG monitoring method that relies on non-magnetic materials which do not affect MRI examination. The ECG monitoring is standard monitoring technique for triggering of MRI by AO. To successfully develop the adequate system, we must firstly understand relations of ECG and SCG signal measured by proposed setup.
The presented equipment was different from the standard SCG monitoring tools and was therefore studied in detail. One of the most significant changes in standardized SCG measurement is that our system measures the acceleration in one vector perpendicular to the location of the sensor on the patient's chest. Sensing of the patient's SCG signal is conducted by means of a plastic funnel (produced by the 3D printing method), which is fixed to the patient's chest by means of an elastic textile belt in the area where the heart is located. A PVC acoustic tube is attached to the end of the funnel, and this tube is brought into the control room, where it is subsequently connected to a measuring microphone. In this way, a closed acoustic environment is created which is highly resistant to external vibrations and sounds. The source of the signal is the movement of the patient's skin below the sensor. The patient's skin forms a membrane that moves due to the expulsion of blood from the heart to the aorta and the pulmonary veins. This movement may include superimposed interference caused by uneven skin movements due to heterogeneous chest structure. As a result, the shape of the SCG curve is directly dependent on the location of the sensor on the chest. The patient's skin movement vibrates the particles of the acoustically closed environment inside the funnel and the resulting pressure oscillations spread through the tube to the measuring microphone which converts them into a voltage signal. The microphone output is brought into the input of the analogue-to-digital converter (ADC), where it is digitized and then processed and analysed in the control unit. Based on the signal analysis performed, the control unit generates a triggering signal for prospective and retrospective gating of magnetic resonance. The schematic diagram of the described system is shown in the following Fig 3. The most important advantage of this system is its resistance to electromagnetic and acoustic interference in magnetic resonance, and its ability to measure during imaging.
The basic advantage of this configuration of the measuring device is the fact that the SCG signal transmitted is not largely modified when passing through the acoustic conduction. Measurements that were conducted using different acoustic conduction lengths (0 to 30 m) revealed that only minor nuances in the area of the frequencies characteristic of the SCG signal (i.e. 0 to 30 Hz) occur. The difference observed in the spectrum of the signal measured at the beginning and at the end of the acoustic conduction is up to ± 5 dB (it differs by signal deviation). An important parameter is the difference seen in the temporal domain of the signal in the form of signal delay. This is due to the limited maximum velocity of the excitation transfer depending on the media material inside the acoustic conduction, i.e. air. The distance-velocity lag is variable and directly related to the length of the acoustic conduction and the propagation of the pressure wave outside it. In this particular case, the acoustic conduction had a length of 11 m; according to the measurement, the distance-velocity lag of the signal measured was about 37.5 ms (i.e. the propagation rate is 290 ms −1 ). Knowing the value of the distancevelocity lag is necessary for the correct setting of the time delay from the R-oscillation detected. When the SCG signal delay time correction is performed properly, the operator can access imaging when tuning the time delay as well as when using the ECG signal. Magnetic resonance measurements also revealed that the interference signals produced during the scanning sequences (vibration of the magnetic resonance structure and its acoustic manifestations) have a typical distance of about 20 dB from the useful signal.
The measuring and triggering systems were completely designed on the basis of virtual instrumentation. cRIO-9073 platform [62] made by National Instruments was used as the control unit [63] , [64] . The cRIO platform was selected as it consists of a combination of a gate array (FPGA) and a controller with VxWorks real-time operating system (RTOS). This interconnection enables fast analysis of the signal measured and very accurate generation of the triggering signal over time with a resolution ranging from microseconds to hundreds of nanoseconds. The Human Machine Interface (HMI) is not part of the selected cRIO model, so a PC, which is connected to the cRIO via an Ethernet interface, is also included in the control unit. The SCG signal is sensed using a GRAS 40PP microphone [65] - [67] with a frequency range from 10 Hz to 20 kHz and a sensitivity of 50 mW/Pa. The cRIO used has four slots for connecting input/output modules. For microphone signal measurement, the cRIO-9250 module [68] was selected, which features 2 simultaneous ADC channels with a 24-bit resolution, a ± 5 V input range, and a sampling rate of up to 102.4 kS/s. The module is used for very accurate vibration measurement using microphones and accelerometers. The triggering signal is generated using the second cRIO-9472 module [69] , which consists of 8 digital outputs, 6 V -30 V compatible, capable of delivering a current of up to 0.75 A per output channel.
A detailed diagram of the entire control unit with a detailed analysis of the lowest gate array layer is shown in the following Fig. 4 . The measuring and triggering system function is controlled by a three-layer SW application created in the LabVIEW [70] - [72] development environment and its expansion modules (Real-Time and FPGA). The lowest and most important SW layer is implemented for FPGA. Its task is to read values from ADC, process and analyze the digitized signal in real-time and, subsequently, generate a digital triggering signal of a user-defined width and an adjustable delay. The processing involves digital signal filtering with a fourth-order low-pass infinite impulse response (IIR) filter with Butterworth approximation and a cut-off frequency of 40 Hz. We used IIR filter implementation because it generally requires less FPGA resources (especially memory elements) than finite impulse response (FIR) filter implementation. Additionally, the FIR filter may cause longer time delay, which is highly undesirable. We tested both FIR and IIR filters in LabVIEW development environment before we implemented it using the FPGA module. Both filters performed nearly the same. The nonlinearity of the IIR filter phase frequency response had no effect on the SCG signal morphology. For selected sampling frequency, the FIR filter implementation would require around 400 taps to achieve the same amplitude frequency response as IIR filter. That would cause slightly longer (a few milliseconds) time delay of the processed SCG signal leading to a delay in generating the triggering signal. The filtered signal is analyzed by a simple peak detector implemented directly into the FPGA logic. The user can configure the detector by defining the refractory time (time after the detected peak when the system does not expect a new peak to occur) and the signal level threshold coefficient. The implemented gate array logic also allows transmitting the measured signal waveform, the trigger generated, and the information on the peak detected to the RTOS microcontroller via the DMA FIFO channel. The microcontroller then forwards the signals to the PC, where they are displayed to the user/operator, via the Ethernet interface.
The middle layer of the SW application is implemented for the RTOS controller and serves as a bridge for data transfer between the FPGA and the user PC. Two TCP servers are implemented here, wherein the first server receives configuration commands from the user PC, recalculates the values, and then writes them to the registers shared with the gate array. The second server reads the data stream from the DMA FIFO gate array and sends it to the connected user PC. The highest SW layer is implemented on the PC and includes two TCP clients that connect to servers running on the RTOS and a user interface allowing the configuration of the cRIO system and displaying the waveform of the signal measured, the peak detected and trigger generated. The below-listed Fig. 5 shows   FIGURE 5 . The waveform measured and the signals generated by the gate array logic (SCG signal with detected peaks generated trigger). a graph containing all the signals measured and generated by the gate array logic. Fig. 6 shows the illustration of probe positioning with respect to the areas used for heart sounds auscultation. The optimal location of the seismocardiograph sensor [73] - [76] was selected as an area with audible heart sounds and a surface ensuring the hermetic sealing of the measurement system. Fig. 7 shows the placement of the SCG sensor tested on the patient's body. The sensor is fixed by means of an elastic belt, where you can the acoustic conduction emerging from the belt. A commercial ECG system can also be seen in the figure.
V. EXPERIMENTS
For triggering and physiological signals acquisition with Siemens Physiological Measurement Unit (PMU) using sensor -ECG electrodes, respiratory cushion and pulse sensor -directly at the patient via the PERU (ECG, respiration) and PPU (pulse). [MR System | Operator Manual Print No. M7-04001.621.04.01.24] The Siemens device physiological data export is complicated and, moreover, the sampling rate is relatively low, so BRAINVISIONBrainAmp ExG system [77] made by BRAIN Product is used for recording the signals for the purpose of retrospective correction and removal of the physiological effects from the MR data. The curves presented below come from the BRAINVISION system. For the purposes of this article, all three devices, PMU, BrainAmp ExG and SCG, were usually used simultaneously.
Standard anatomical (T1 mprage, T2_spc_T2_spc_FLAIR), fmri (epi_bold) and diffusion sequences, as well as state-ofthe-art research pulse sequences (mp2rage, and diffusion and functional imaging sequences using parallel layer excitation -SMS or also called multiband), were used for testing SCG and respiratory. These sequences are then the most demanding in terms of high-frequency interference, magnetic and acoustic interference and vibration caused by the gradient system when the noise of these methods can exceed 120dB.
A. ECG VS. SCG WAVEFORMS AT SELECTED SEQUENCES
To demonstrate the functionality of the SCG system tested from the point of view of vital signs monitoring during the selected sequences, short time domain previews, a) ECG signal and b) SCG signal, are interpreted below. The authors divided these previews into three groups: 1) both the ECG and SCG commercial systems work well, see Fig. 10 and Fig. 11 ; 2) the SCG system tested works well, the commercial ECG system introduces errors (undetected or falsely detected R) into the measurement, see Fig. 12 , Fig. 13 and Fig. 14; 3) the SCG system tested works well, the commercial ECG system does not work at all, see Fig. 15 and Fig. 16 . The criterion of functionality is defined by the heart rate in the case of the ECG signal, namely, it is based on the detection of the R-R interval and, in the case of the SCG signal, it is based on the detection of the AO-AO interval, see Fig. 8 . Fig. 9 further shows the delay (approximately 45 -120 ms) of AO after R; this is caused by biological processes in the human body, but also by the measuring system itself (about 50 ms), where the signal propagation time of the transmission medium must be taken into consideration (approx. 3.4 ms per meter) as well as the delay caused by signal processing (filtration) (approximately 15 ms). Fig. 10 shows a preview of a) ECG and b) SCG before running the sequence (resting state) [78] - [80] . Obviously, the signals measured are of good quality, without artifacts and interference, so there is no problem in detecting the R-R and AO-AO intervals the detection of which is absolutely necessary for cardiac triggering based on the cardiac activity. Fig. 11 shows the waveforms of a) ECG and b) SCG with the sequence already running (T2 weighted with fat suppression using the SPAIRE method). Obviously, the sequence had no effect on the SCG signal, whereas the ECG signal is greatly degraded by switching of the high frequency pulses during the running sequence. However, the ECG signal is still useful for determining R-R intervals.
When looking at Fig. 12, Fig. 13 , it is obvious that the ECG system will cause a significant error in cardiac triggering because we are unable to accurately detect the R-R interval. The TRUE FISP sequence used to make a kinetic study, or T1 weighted with PSIR saturated myocardial signal suppression. There is no problem with the detection of the AO-AO interval in the SCG system, i.e. cardiac triggering is possible. In Fig. 12 and Fig. 13 , the ECG system may detects false R intervals (e.g., between the 4th and 5th second, Fig. 12a ), resulting in inaccurate sequence triggering, which may cause artifacts in the image. Fig. 14 shows that, with the ECG signal, we are not able to correctly detect the R-R interval (there is a large number of undetected and falsely detected R oscillations), whereas, with the SCG signal, there is no problem with the AO-AO interval detection. The sequence used was fMRI BOLD.
When looking at Fig. 15, Fig. 16 , it is obvious that, with the ECG system, we are not able to detect R oscillations at all, since the signal is completely jammed by high-frequency interference, which was, due to aliasing, mirrored into the frequency domain of the useful ECG signal and cannot be filtered. The SCG system tested works smoothly again. Fig. 14 is a sequence of diffusion weighted echo using epitechnics which is characterized by a high potential for triggering involuntary nerve or muscle spasms. Fig. 15 is a sequence of 3D T2 weighted TSE ECHO -SPACE.
B. INFLUENCE OF SUBJECT MOTIONS IN POSTURAL POSITION ON SCG SIGNAL
As part of our research we did an assessment of the influence of subject motions in postural position on quality of acquired SCG signal. For this experiment we selected one male subject and measured the SCG signal while the subject was performing motions typical for postural position, which subject VOLUME 7, 2019 FIGURE 15. A waveform of a) ECG and b) SCG during the sequence of the diffusion weighted echo using epitechnics. occupies during MRI exam procedure. Performed motions were:
• head motions ( slow turning to sides and slight leaning forward and backward),
• restless leg motions (twitching, slight turning and bending),
• speaking, • heavy and deep breathing,
• torso wriggling (slight motions to sides),
• torso twitching (trying to get thorax and head up for repositioning). Acquired SCG signal was only processed by the lowpass filter with configuration described in the previous section. In case of head motions, leg motions, slight torso wriggling and heavy or deep breathing, there were only minor distortions of the SCG signal. These motions only had a slight impact on the performance of peak detection algorithm. Speaking and torso twitching was causing considerable distortions of the signal, that made the correct detection of AO peak impossible. Frequency components of analyzed motion artefacts occupy the same band as components of SCG signal (1 Hz -40 Hz). This makes filtration of distorted SCG signal using conventional linear IIR or FIR filters impossible so advanced signal processing methods would have to be employed. Fig. 17 to 20 display samples of SCG signals in time and frequency domain acquired when patient lays still and when performing selected motions. To illustrate the influence of motion artefacts in comparison with reference signal (patient lies still, Fig. 17 ), we deliberately used fixed ranges for Y-axis in these figures. In conclusion, motion artefacts can cause problems with peak detection and thus could devaluate the results of MRI exam due to incorrect triggering. However these motion artifacts would propagate into acquired MR exam images even if the triggering was accurate and devaluate the MRI exam results anyway. For this reason the patient is required to lie as still as possible during the MRI exam which, in case of cardiac monitoring lasts only about 10 to 15 seconds.
It is clear that the morphology of the individual SCG curves changes, see Fig. 11b ) to Fig. 16b ). This is due to the different locations (more in the following paragraph), the size of the contact area between the patient's body and the sensor, but also the pressure of the measuring sensor, and, moreover, the waveforms from different subjects (men vs. women), various BMIs, etc.
Two volunteers, a man and a woman, participated in a sensor placement experiment. According to the measurement (Fig. 21) , the shape of the SCG signal is directly dependent on the sensor location (Fig. 6) . Although the signal does not match the typical SCG curve, it always contains a significant peak that could be used to detect the heart cycle. To map this phenomenon, an additional study outside the MRI would have to be performed to map the characteristic curve shape depending on the sensor position. Furthermore, this information could be incorporated into the heart cycle detector to increase its accuracy.
C. RESULTS
In our experiments, we considered the ECG as the ''gold standard'' since the ECG-based systems are the most commonly used in clinical practice. According to the professional public, they reach the highest accuracy from the perspective of cardiac triggering. However, this argument is not sufficient to call the ECG system ''gold standard''. All ECG signals, which were used for the evaluation, were classified semiautomatically in the R-R intervals determination. This way, we gained the total number and time position of the heart beats in individual subjects (e.g. 821 beats in subject_1, etc.). Also, we took into account the time delay between ECG and SCG signal during analysis so that the distortion could not occur. Thus, we could establish our annotations for the verification of the SCG system.
For the relevant verification, only the sections where the reference ECG was recorded for us in good quality (i.e., the R-oscillations could be demonstrably detected) were deliberately selected, see Fig. 8 . The data were obtained from 18 different patients (10 men and 8 women aged 20 to 45, all healthy, all with ethics committee approval). It should be noted that the SCG system tested is completely immune to electromagnetic and acoustic interference during all the sequences tested. Thus, it can be said that it achieves better results than the ECG reference, which is strongly influenced by the nature of the interference during the running sequence. Fig. 22 includes a comparison of ECG and SCG signals along with the detection of significant points in these curves. A significant point (AO) in the SCG signal monitored should be detected within a range of ± 50 ms from the R wave detected in the ECG signal. Fig. 22a) shows a section where accurate detection of a significant SCG signal point was achieved in accordance with the reference ECG signal. Therefore, these points were labelled as true positive (TP). On the contrary, Fig. 22b) shows a signal section where there is an error in detecting a significant SCG signal point. If a point was detected outside the defined interval, it was labelled false positive (FP). On the other hand, false negative (FN) detection occurred when, in the range of ± 50 ms from the R wave detected, AO wave detection did not occur in the SCG signal. These errors appeared in sections where MO wave reaches a magnitude comparable to AO wave, so it was detected as an FP peak. Consequent AO wave was therefore not detected, as the detector refractory time, when the system is inactive, was still running because it does not expect a new peak to occur.
It is also important to note that the points shown in Fig. 22 are located in some places outside the peak of the ECG signal peak. This is due to the fact that the DC component was removed during the signal analysis, and, subsequently, detection in this signal was conducted. Thus, in the resulting signal, the detected points manifest themselves in the correct period of time, but at a different voltage level.
For all 18 patients a detection of significant points in reference ECG and tested SCG signals (samples shown in Fig. 23 to 30 ) was performed and based on the analysis described in Fig. 22 , their binary classification (a decision whether the significant point falls into the category of TP, FP or FN) was conducted. Results of binary classification were then used to determine 4 performance parameters of peak detection in SCG signal. First parameter is sensitivity (SE, true positive rate or recall, see equation (1)), it measures the percentage of correctly identified peaks. Next Positive predictive value (PPV or precision, see equation (2)) measures percentage of identified peaks that are truly correctly identified as positive. Further Accuracy (ACC or statistical bias, see equation (3)) defines ration of correct identification to all identifications made. Finally F1 score (see equation (4)) considers both SE and PPV as a harmonic mean of these two parameters. In medical tests, results above 95 %, mean high creditability of tested method or system [58] , [81] .
In the medical field, the Bland-Altman (mean-difference) plot is used to compare the results of two independent measurements of the same variable. The principle of this method is based on determination of the differences between individual results of two measurements, see equation (5), where X and Y are vectors of results of the individual measurements. Difference vector is then used to determine mean value µ and 1.96 multiple of standard deviation 1.96σ of all differences. Next vector of mean values of individual results of the two measurements, see equation (6), is determined. Finally the Bland-Altman plot is constructed using the vector of mean values (X-axis) and vector of differences (Y-axis). Also a FIGURE 22. Evaluation of detection of significant points in ECG (Red) and SCG (Green) signals: A) successful detection section -significant points were detected in the SCG signal within an interval of ± 50 ms (blue) from the detected R wave in the ECG signal, thus labelled as true positive (TP); B) an example of a false positive (FP) and false negative (FN) detection section, the points were detected outside a given interval or were not detected in the given interval.
bold horizontal reference line is drawn at µ, this line represents mean difference between all measurements and if it significantly differs from 0 then it indicates fixed bias in the measurement. Additional two horizontal lines, known as limits of agreement, are drawn at µ ± 1.96σ , they represent range of agreement, within which the differences between the two measurements are expected to fall with 95 % probability (assuming the data comes from normal distribution) [58] , [81] , [82] .
The below-listed figures (Fig. 23 to 30 ) show a) a preview of the reference ECG signal section during the examination, b) a preview of the SCG signal section tested. The last subfigure c) represents the Blant-Altman graph, which statistically assesses the determination of vital signs during the examination, where the length of the determined R-R interval was used as a reference and as the evaluated length of the determined AO-AO interval. These waveforms are displayed for selected subjects tested; the length of the examinations during each sequence, but also during the resting state, was different. Table 3 summarizes the achieved results of Bland-Altman analysis (columns µ and 1.96σ ) and binary classification in all 18 subjects with those displayed in Fig. 23 to 30 being highlighted in bright green and bright red colors. BlandAltman analysis indicates a difference bias for subject 1, 2, 3 and 5 with subject 1 having the worst result of -0.63 bpm. Also limits of agreements for these subject are significant, ranging from 6 bpm to 10 bpm. This results correspond with results of binary classification, which shows higher number of false positives (FP) and false negatives (FN) for mentioned subjects and also ACC and F1 parameters are lower in comparison with other subjects. These worse results are mainly caused by presence of outliers in determined heart rates as shown in Fig. 23, 24 , 25 and 27. Outliers are results advanced signal preprocessing of SCG signal and by increasing robustness of peak detection algorithm, which could be subject of further system improvements. Sensor repositioning is not an option, because it would significantly prolong patient preparation phase, which is highly undesirable in clinical practice. Best results were achieved for subjects 4, 6, 7 and 10 ( Fig. 26, 28 , 29 and 30) with difference bias to be almost zero (-0.02 for subject 4) and limits of agreement in range from 0.59 bpm and 1.1 bpm. Binary classification results shows both ACC and F1 parameters to be over 99.7 %, which indicates almost perfect match. Results from remaining 10 patients have almost zero difference bias, considerably low limits of agreements in range from 1.37 bpm to 3.55 bpm and their ACC and F1 parameters lies in range of 98.9 % to 99.7 %. Last row of the Table 3 shows results of binary classification of detected peaks obtained from all measured subjects altogether. In total, 15 719 heart beats (peaks) were detected, with 14 956 correctly identified as true positive peaks, 116 incorrectly detected false positive peaks, and 106 missed peaks (false negative). For all subjects the total accuracy reached 98.53 % and F1 score reached 99.26 %. The results prove that the SCG signal can be used as substitute for ECG signal during magnetic resonance exam with reliability of correct heart beat detection reaching up to 99 %.
In the case of this work, ECG is used as the reference method, and SCG is used as the test method. The results of the ACC, SE, PPV and F1 parameters are marked as accurate if they exceed 95 % [58] , [81] .
D. CARDIAC TRIGG ECG VS. SCG
A wide range of standard diagnostic sequences was used for cardiac imaging using triggering. Siemens single breath hold methods True FISP (Free Induction Decay Steady-State Precession), True FISP -real time; tirm_t2 (Turbo inversion recovery magnitude); SPAIR (SPectral Attenuated Inversion Recovery); PSIR (Phase sensitive Inversion recovery) and T2_haste (Half Fourier Single-shot turbo spin echo) with various settings of planes, phase encoding directions, cartesian and radial k-space acquisition, using all previously mentioned methods of cardiac triggering SCG, EKG, pulse oximeter; retro and prospective.
To demonstrate the functionality of cardiac triggering, the most common sequences for cardiac imaging in MR were used: the kinetic method -Tru FISP, and the method for detecting myocardium saturation -T1 flash, see Fig. 31 and Fig. 32 below, where ECG triggering was used on the left side and triggering using the SCG system tested on the right side. Fig. 31 shows a scan of 4-chamber (4-cavity) T1/T2 plane of sequences of the balanced echo -Tru FISP by Siemens, Erlangen, Germany. Both images display good tissue contrast, particularly at the site of flowing blood and myocardium, without distortions at the transition site. In a 3-T device environment, the study of cardiac sections is very sensitive to movement and transition artifacts -flowing blood -left ventricle muscle; flowing blood -papillary muscles, which both ways of triggering cope well with, but still, from a medical point of view, in the SCG sequence, the image appears sharper (interventricular septum), with a higher contrast between light blood and dark muscle (especially the heart septum and papillary muscles), which may be a good guide especially for segmentation of cardiac sections. Fig. 32 shows a study on a volunteer, natively, contrast medium not administered. T1 flash sequence measured natively -is intended to evaluate late enhancement. In the images demonstrated, there is a 2CH (2-cavity) image, where the left ventricular contour is well detectable in both triggering methods; sequences with both triggering methods are medically fit for use.
Based on the subjective evaluation of the images, Fig. 31 and Fig. 32 , shown above performed by physicians, the results of the effectiveness of cardiac activity monitoring were also confirmed by cardiac triggering. It can be stated that cardiac activity monitoring is at least fully comparable with the systems used in clinical practice, which is unequivocally demonstrated by the comparison of the above-mentioned images.
In addition to the subjective view of radiologists, the quality assessment of images from MRI was also carried out by software quality analysis using the Blind/Referenceless Image Spatial Quality Evaluator (BRISQUE) [83] , [84] . The output of this method is a numerical quality score, which takes values from 0 (best) to 100 (worst). Quality analysis was performed for Fig. 33 and 34 . The Quality Score is shown in Table 4 . The results of image quality analysis show that in all cases during the cardiac triggering were achieved by the our system equivalent or better images quality.
Results presented in Table 4 show that the SCG method is equivalent to the ECG-based triggering. The quality of the scans is comparable regarding the BRISQUE method.
VI. DISCUSSION
The benefit of the system tested is the higher reliability and stability of the signal measured, without limiting the depth of the patient's inspiration (deepened inspiration, especially in time-consuming examinations requiring the patient to concentrate on breathing). Furthermore, it should be noted that the system tested is fully compatible with various MRI manufacturers. The test system appears to be very convenient for examinations where the emphasis is placed on continuous cardiac activity monitoring regardless of the sequence selected. For example, it is beneficial for patients with malignant arrhythmias where continuous monitoring is an essential part of patient care.
Another advantage of the system tested from the perspective of the patient, but also of the operating staff, is easier handling with the sensor itself when placing it on the body, see Fig. 7 . This leads to faster preparation of the patient for examination, as there is no need to prepare the skin (shaving, degreasing, etc.) to attach the measuring electrodes. This pilot study has shown that the system tested is not dependent on the depth of inspiration. This seems to be very convenient for patients who have a problem to cooperate during the examination (small children, seniors, etc.). In systems that are currently used in clinical practice, measurements often have to be repeated. This problem is completely eliminated with the system tested. It can be assumed that thanks to the aforementioned benefits, the system tested can reduce the examination time and streamline the workflow in the workplace.
The disadvantage of the system devised is its susceptibility to the patient's movement artifacts. If the patient moves during the examination, false positive (FP) values and false negative (FN) values may occur.
The subject of further research will be usability testing for cardiac MR, neurofunctional brain imaging -diffusion tensor imaging, functional MRI, or a fluid flow detection study. Furthermore, analysis and verification of functionality in very high fields (7 T -AKH Vienna) will be conducted. Next, the collective of authors intends to focus on utilization of respiratory monitoring with implementation in cardio MRI sequences.
To verify the principle of the presented device, the NI virtual instrumentation tools were used (Table 5 ). This equipment was chosen, because it allowed rapid prototyping of the proposed triggering system. The initial tests included the successful use of low-cost components described in Table 6 . Table 7 shows the comparison of the tested systems with the commercially available systems for synchronous measurement utilized in the MRI of the research center CEITEC, Brno.
VII. CONCLUSION
This pilot clinical study unambiguously confirmed the functionality of the SCG-based system tested in terms of continuous cardiac activity monitoring and the subsequent cardiac triggering. In all 18 subjects tested, cardiac activity was continuously monitored throughout the examination, regardless of the type of sequence being run. It can be stated that the SCG system tested is completely immune to all sequences tested within Siemens Prisma 3T. System functionality was verified against a commercially available ECG-based system (BRAINVISION -BrainAmp ExG system by BRAIN Product). Unfortunately, this reference system did not work reliably for a number of sequences, e.g. during a sequence of diffusion weighted echo using epitechnics, or during a sequence of 3D T2 weighted TSE ECHO -SPACE, see Chapter 5.1. For this reason, only the sections where R oscillation could be correctly detected were manually selected for the statistical analysis, so that the analysis was not distorted, see Chapter 5.2. In all 18 subjects, a mean PPV > 99 % was achieved; F1 > 99 %; SE > 99 %; ACC > 98 %; 1.96σ ;< 3.5 bpm, see Table 2 . Also, Cardiac Triggering functionality was confirmed by the physicians on the basis of analyzing cardiac images using the T1/T2 balanced echo sequences (Fig. 31 ) and the T1 flash sequence measured natively (Fig. 32) .
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